The most massive globular cluster in the Milky Way, v Centauri, is thought to be the remaining core of a disrupted dwarf galaxy 1,2 , as expected within the model of hierarchical merging 3, 4 . It contains several stellar populations having different heavy elemental abundances supplied by supernovae 5 -a process known as metal enrichment. Although M 22 appears to be similar to v Cen 6 , other peculiar globular clusters do not 7, 8 . Therefore v Cen and M 22 are viewed as exceptional, and the presence of chemical inhomogeneities in other clusters is seen as 'pollution' from the intermediatemass asymptotic-giant-branch stars expected in normal globular clusters 9 . Here we report Ca abundances for seven globular clusters and compare them to v Cen. Calcium and other heavy elements can only be supplied through numerous supernovae explosions of massive stars in these stellar systems 10 , but the gravitational potentials of the present-day clusters cannot preserve most of the ejecta from such explosions 11 . We conclude that these globular clusters, like v Cen, are most probably the relics of more massive primeval dwarf galaxies that merged and disrupted to form the proto-Galaxy.
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The Sejong/ARCSEC Ca uvby survey programme was initiated in 2006 to investigate the homogenous metallicity scale for globular clusters and to obtain the complete metallicity distribution function of the Galactic bulge using the hk index (ref. 12): hk 5 (Ca 2 b) 2 (b 2 y). The Ca filter in the hk index measures ionized calcium H and K lines, which have been frequently used to calibrate metallicity scale for globular clusters 13, 14 . The utility of the hk index is that it is known to be about three times more sensitive to metallicity than the m 1 index is, for stars more metal-poor than the Sun, and it has half the sensitivity of the m 1 index to interstellar reddening 12 . During the past three years, we have used more than 85 nights of CTIO 1.0-m telescope time for this project. The telescope was equipped with an STA 4k 3 4k CCD camera, providing a plate scale of 0.289 arcsec per pixel and a field of view of 20 3 20 arcmin. All of our targets accompanied with standards were observed under the photometric weather conditions and most of targets were repeatedly visited between separate runs. The photometry of our targets and standards were analysed using DAOPHOT II, ALLSTAR and ALLFRAME 15, 16 . In the course of metallicity calibration of red giant branch (RGB) stars in globular clusters, we found that many such clusters show a split in the RGB in their hk versus V colour-magnitude diagrams (Figs 1 and 2 ). The prime examples are M 22 and NGC 1851. In particular, the double RGB sequence in M 22 is very intriguing. The differential reddening effect and the contamination from the off-cluster populations cannot explain the double RGB sequences in M 22 (see Supplementary Information). It has been debated for decades whether this cluster is chemically inhomogeneous or not, but the recent high resolution spectroscopic study of 17 RGB stars in the cluster suggests that it contains chemically inhomogeneous subpopulations 6 . The bimodality in the m 1 index of M 22 RGB stars was also known, but it has been argued that it is most probably due to the bimodal CN abundances (where CN absorption strengths strongly affect the m 1 index), and not due to the bimodal distribution of heavy elements in the cluster [17] [18] [19] . The star-to-star light elemental abundance (C, N, O, Na, Mg and Al) variations have been known for decades and they are now generally believed to be resulted from chemical pollution by intermediate-mass asymptotic giant branch stars 9 or fast rotating massive stars 20 . However, it should be emphasized that our hk measurements for RGB stars in M 22, NGC 1851 and other globular clusters show discrete or bimodal distributions in calcium abundance, which cannot be supplied by intermediate-mass asymptotic giant branch stars or fast rotating massive stars.
As shown in Fig. 3 , the difference in calcium, silicon, titanium and iron abundances between the calcium weak (Ca-w hereafter) group with smaller hk index and the calcium strong (Ca-s hereafter) group with larger hk index in M 22 and NGC 1851 suggests that they are indeed chemically distinct [21] [22] [23] [24] . (It is not shown in the figure but europium also has a bimodal abundance distribution in M 22, in the sense that the Ca-s group has a higher europium abundance.) As for the origin of chemical inhomogeneity in globular clusters, at least four viable chemical enrichment mechanisms have been proposed up to date. They are, in the order of time required to emerge; (1) fast rotating massive stars, (2) type II supernovae, (3) intermediate-mass asymptotic versus hk. In b, we note the distinct and discrete double RGB sequences. This cannot be due to a differential reddening effect across the cluster or contamination from the off-cluster field, but is due to the difference in calcium abundance, which was synthesized in supernovae, between the two RGB sequences. The number ratio between the Ca-w group with smaller hk index and the Ca-s group with larger hk index is about 70:30. Black arrows in each panel denote reddening vectors.
giant branch stars, and (4) type Ia supernovae. If the current understanding of supernovae explosions is correct, only type Ia and II supernovae can supply the heavy elements such as calcium and iron 10 . To explain the discrete calcium abundances seen in M 22 and NGC 1851, however, the contribution from type Ia supernovae can be ruled out for two reasons. First, the longer timescale ($1-2 Gyr) before the onset of type Ia supernova explosions, which would produce detectable age spread between two populations; and second, the enhanced a-elemental abundances, indicative of absence of contributions from type Ia supernovae 10 . Qualitatively, the differences in elemental abundances between the two stellar populations in M 22 and NGC 1851 can be naturally explained by invoking chemical enrichment by type II supernovae, where a-elements (silicon, calcium, and titanium) and r-process elements (such as europium) are dominantly produced. However, our results do not necessarily imply that type II supernovae are solely responsible for the chemical enrichment in M 22 and NGC 1851, since all four above-mentioned mechanisms may be involved. We emphasize that the crux of our results is the undeniable evidence for type II supernova contributions to chemical enrichment of some globular clusters, in sharp contrast to the widely accepted idea of chemical pollution only by intermediate-mass asymptotic giant branch stars or fast rotating massive stars, with which the chemical enhancement of the a-and r-process elements in the second generation of the stars cannot be easily explained.
More than half of the 37 globular clusters in our sample shows discrete or broad distributions of the hk index in their RGB sequences. In Fig. 2 , we show colour-magnitude diagrams for some of the exemplary globular clusters in the order of hk widths of RGB sequences at V HB , the V magnitude level at the horizontal branch: v Cen, M 22, NGC 1851, NGC 2808, M 4, M 5, NGC 6752 and NGC 6397 (see also Supplementary Table 3 and Supplementary Figs 6-13) . NGC 2808 is known to have multiple main-sequences but no multiple RGB sequences have been reported to date. Our new results Note that, while the distributions of the RGB sequences in the b 2 y colour are relatively narrow, those in the hk index are either discrete or broad. This is evidence for the multiple stellar populations with distinct calcium abundances. Among these globular clusters, NGC 6397 appears to be the only normal globular cluster with a simple population (that is, coeval and monometallic). Black 'plus' signs denote stars in M 22 with proper motion membership probabilities P $ 90%; blue filled diamonds and red filled circles denote RGB stars studied with high-resolution spectroscopy in the Ca-w and the Ca-s groups, respectively 23, 24 . The green solid line denotes the fiducial sequence of RGB stars and Dhk denotes the difference in the hk index against the fiducial sequence. The double RGB sequences persist in proper motion member stars. c-f, Comparisons of elemental abundances between the Ca-w and the Ca-s groups in M 22. Solid lines denote the mean values, and dashed lines denote standard deviations of each group. The Ca-s group has higher a-element (Si, Ca and Ti) and iron abundances, which must be supplied by numerous type II supernova explosions. g, h, Black 'plus' signs denote stars in NGC 1851; blue filled diamonds and red filled circles denote RGB stars studied with high-resolution spectroscopy in the Ca-w and the Ca-s groups, respectively 21, 22 . i-l, As c-f but for NGC 1851. In the figure, we adopt the standard spectroscopic notation that for the element X with respect to hydrogen, [X/H] ; log 10 (N X /N H ) star 2 log 10 (N X / N H ) Sun (here N indicates number of atoms).
show that NGC 2808 shows at least two discrete RGB sequences with a large spread in calcium abundance. Similarly, M 5 has a very broad hk index in the RGB sequence and NGC 6752 shows discrete RGB sequences. It is interesting to note that all the globular clusters with signs of multiple stellar populations have relatively extended horizontal branches, while the globular clusters with normal horizontal branches (for example, NGC 6397 in Fig. 2 and Supplementary Fig. 13) show no spread or split in RGB. This is consistent with the suggestion that the extended horizontal branch is a signal of the presence of multiple stellar populations in globular clusters 25 . The overwhelming problem of the chemical enrichment by type II supernovae in globular clusters is that their ejecta are considered to be too energetic to be retained by less massive systems like typical Galactic globular clusters (#a few times 10 5 solar masses) 11 . Our results therefore suggest that M 22, NGC 1851 and other globular clusters with a split RGB were much more massive in the past, unless the current understanding of supernovae explosions is greatly in error. Perhaps these globular clusters were once nuclei of dwarfgalaxy-like fragments and then accreted and dissolved in the Milky Way, as is widely accepted for v Cen 1,2,26 . Recent calculations suggest that a massive ($a few times 10 6 solar masses) star cluster embedded in a proto-dwarf galaxy could accrete gas from its host dwarf galaxy, which may cause the formation of second generation stars, producing multiple stellar populations 27 . Note that this scenario is also suggesting that the globular clusters with multiple stellar populations would be the remaining cores of the proto-galactic building blocks. This idea is supported by the recent investigations of the extended horizontal branch globular clusters (that is, globular clusters with signatures of multiple stellar populations), which have shown that extended horizontal branch globular clusters are clearly distinct from the normal globular clusters in orbital kinematics and mass 25 . Extensive photometric surveys for fainter stars in these globular clusters, as well as spectroscopic surveys for stars in double RGB sequences, would undoubtedly help to shed more light onto the discovery reported here.
